The carbon dioxide geological storage is one of the most effective ways to slow down the earth's climate warming. The ideal location for storage is in the deep scrap mines. Because of the characteristics of the deep underground condition, the long-term mechanical stability must have close relationship with the geostress fields and permeability, whose development can determine and reflect the mechanical behaviors of carbon dioxide geological storage. The permeability of host rock is affected by existing joints and discontinuity surfaces. Furthermore, as the liquid carbon dioxide is injected into the geological storage, the injection pressure and buoyancy force will change the state of geostress obviously. In this paper, based on mechanical properties of the host rock (granite), coupled brittle shear constitutive model was adopted and the analysis module was implemented in software FLAC3D. Then, with the in situ survey of joints in the host rock and the monitoring of in situ geostress, the permeability characteristics and geostress inverse analysis were input in FLAC3D. At last, fluid-solid coupled model was used to analyze the seepage characteristics of each phase after the injection and long-term storage of liquid carbon dioxide. Therefore, the systematic analysis of the storage stability of carbon dioxide geological could be carried out.
Introduction
With a growing number of fossil fuels (coal, petroleum, and gas) that are used in industry and daily life, the greenhouse effect and atmospheric pollution are threatening the human survival environment gravely. So the effective methods for capturing and depositing the carbon dioxide have become an extremely urgent problem to be studied. Many scholars in the world have put forward huge constructive methods and technology. Murai and Fujioka discussed the challenges to the carbon dioxide capture and storage (CCS) technology and listed the issues for actual technical application in the engineering [1] . Herzog scaled up the carbon dioxide capture and storage from megatons to gigatons [2] . Wareing et al. raised a composite equation of state for the modeling of sonic carbon dioxide jets in carbon capture and storage scenarios and predicted the thermodynamic physical properties of carbon dioxide by a novel composite two-phase method [3] . Based on different locations and methods, the underground storage can be divided into three categories: ocean storage [4, 5] , carbon sink storage [6] [7] [8] , and geological storage [9] [10] [11] [12] .
Researches show that the most effective method is the carbon dioxide underground geological storage, where the carbon dioxide is injected into a natural pore in strata or engineering cavity in the deep underground. Due to better closure condition, the abandoned oil, gas layer, coal bed, scrap metal mine, salt mine, and other huge mining caverns in deep underground could be regarded as the potential geological storage sites. It is obvious that the key technique of geological storage is long-term safety and stability of sealed structure, to protect the liquid carbon dioxide from permeating into atmosphere or freshwater aquifer. Many scholars adopted huge method to make sure of the stability of structures. Vasco et al. monitored surface deformation to reverse the fluid flow associated with an injected mass of 3 million tons of carbon dioxide storage and obtained a measurable surface displacement of approximately 5 mm/year [13] . Zimmer et al. monitored the carbon dioxide flux at the Ketzin carbon dioxide storage test site and gained adequate long-term baseline data on the carbon dioxide flux variations, carbon dioxide soil gas flux, soil moisture, and temperature measurements by conducting once a month during a 6-year period [14] . Xia et al. used the preparation of sulfur-doped microporous carbons method to protect the stability of hydrogen and carbon dioxide storage [15] . Rucci et al. combined interferometric synthetic aperture radar (InSAR) data to estimate both quasivertical and quasi-east-west displacements of carbon dioxide geologic storage in central Algeria [16] . Galán and Aparicio studied the role of clays as sealing materials in the geological storage of carbon dioxide by experimental method and furthered the knowledge of reactions that occurred between carbon dioxide, diffused or escaped from a geological storage, and the sealing rock [17] .
With the fast development of simulation technique, numerical simulation has become an important prediction method in engineering, because of its high accuracy and less cost. Also, the fast development of computer technique makes many scholars use software to solve the stability problems of geological storage of carbon dioxide, such as TOUGH2, TOUGHREACT, and FLAC3D [18] [19] [20] [21] [22] [23] [24] [25] [26] . Although huge efforts have been done on coal bed and salt mine, there are not enough studies on the scrap metal mine. Because of different geological conditions, there must be much difference in host rocks and mechanical characteristics between the metal mine and other disposal structures. For the candidate geological storage site, the studies on stability and mechanical behaviors of metal mine structures are necessary. For the deep metal mines, the long-term mechanical stability must have close relationship with the in situ geostress and permeability, whose developments can determine and reflect the mechanical behaviors of carbon dioxide geological storage. The permeability of host rock is affected by the existing joints and discontinuity surfaces. Also, as the liquid carbon dioxide is injected into the geological storage, the injection pressure and buoyancy force will change the state of geostress obviously. In this paper, based on mechanical property of the host rock (granite), coupled brittle shear constitutive model was adopted and the analysis module was implemented in software FLAC3D. Then, the brittle to shear coupled model with the in situ survey of joints in the host rock, the monitoring of in situ geostress, and the permeability characteristics were input in FLAC3D to predict the geostress inverse fields. At last, fluid-solid coupled model with combining geostress inverse fields was used to analyze the seepage characteristics of each phase after the injection and long-term storage of liquid carbon dioxide. Therefore, the systematic analysis on the seepage fields and the storage stability of carbon dioxide geological could be carried out. Those results could direct the in-situ carbon dioxide injection, upper seepage field analysis, and damage points estimation.
Constitutive Model for Simulation

Elastic Model.
According to the generalized Hooke's law
where is the stresses, is the total strain, is the normal
, and is Kronecker's delta, when = , the value is 1, and when ̸ = , its value is 0.
Brittle to Shear Coupled Constitutive Model for Geostress
Analysis. According to numerous studies on hard rocks, there will be typical brittle to shear damage process on the hard rock under different confining pressures [27] [28] [29] [30] [31] , such as granite.
Based on the rock fracture mechanics, generalized plastic mechanics, and macroscopic and mesoscopic rock mechanics, Li et al. analyzed the mechanism of brittle to shear under different confining pressures and adopted contrastive analysis method to acquire limitations in Griffith model and MohrCoulomb model in brittle to shear damage phenomenon of hard rock and then raised the brittle to shear coupled constitutive model, whose strength formula was [32] where 1 , 2 , 1 , and 2 were the strength parameter of hard rock, 1 , 2 were used to express the brittle characteristics, and 1 , 2 showed the shear characteristics, which could be obtained from the rock mechanics tests. was the representation of the coefficient from the brittleness to shear, and its value was from 0 to 1.
For the material yield criterion, Li et al. gave out the expression form [32] 
where and were the coefficients for calculating . In this paper, according to mine-by tunnel, the coefficients are as follows: = 28.11 and = 1 [33, 34] .
Biot Seepage Mechanics
Coupling Theory. Biot gave out state variable between the pore pressure and the change of liquid volume, which contained basic formulas as follows [35] :
Constitutive equations:
Seepage equation:
where was the pore pressure; Δ was the variation of pore; was the pore pressure coefficient; , , , and were Biot constants; was Kronecker constant; was permeability coefficient; was the total stress; was effective stress; was the total strain; was the shear modulus; was coefficient; was the liquid density. 
Monitoring Data and Parameter Analysis for Simulation
In Situ Monitoring
Geostress. Geostress is a natural stress which lies in earth layer, and it is also noted as rock initiation stress, absoluteness stress, and host rock stress. Geostress is gradually formed in a long geological history, as a result of gravitational field and geotectonic stress. It is an important design parameter for deep underground projects and one of the most important factors for the safety and stability of geotechnical engineering. In this paper, 11 groups' in situ geostress monitoring data were acquired, and the results were shown in Figure 1 .
The maximum principal in situ stress was almost horizontal. The directions of the maximum horizontal principal in situ stress of 9 measuring points were all located between NW-SE directions, which were basically the same with those of the maximum principal in situ stress in the regional geotectonic stress field. Among the 9 measuring points, seven maximum principal in situ stress directions were almost horizontal and their angles with horizontal plane were 10 ∘ or less. Based on the above analysis, it was suggested that the dominated stress of this golden mine deep crustal stress field was the horizontal geotectonic stress, not the gravitational stress. 
The Characteristics from Brittle to Shear of Host Rock.
Based on the in situ monitoring data of geostress, it is easy to learn when the depth is 800 m; the vertical principal stress and minimum horizontal principal stress were about 20 Mpa. So, in order to obtain the mechanical characteristics of granite in the deep underground, the laboratory tests were carried under 0 MPa, 5 MPa, 10 MPa, 15 MPa, and 20 MPa confining pressure. The brittle damage rock specimens were shown in Figure 2 , and the shear damage was illustrated in Figure 3 . The typical stress-strain and AE accumulative counts curves were shown in Figure 4 . Through data analysis, each strength threshold was indicated in Table 1 and the relations were summarized in Figure 5 . As shown in Table 1 and Figure 5 , residual strength was nonexistent and crack damage strength was close to peak strength under low confining pressure. It could conclude that the rock specimen went through crack damage then reached to the peak strength and lost strength rapidly at last. Thus, brittleness properties of granite emerged under low confining pressure were expressed. As confining pressure increased, the rock specimen presented shear damage.
Joints Statistics for Permeability Coefficient.
For the joints statistics, the joints statistics number is 985 groups in total, with average 32.9 cm space. According to the tendency, 4 groups of superior directions were chosen, which had accounted for 84% of the total. The tendency, average tendency, average inclination angle, and the percentage of the total statistics for the four groups were shown in Table 2 .
According to the trend, 2 groups of superior directions, 25
∘ and 295 ∘ , were chosen, whose inclination angles were about 40 ∘ ∼90 ∘ , and the joint distribution characteristics were shown in Figure 6 . to express the coupling process [36] . Also, it is based on the following assumptions: (1) the seepage in the host rock meets the Darcy law; (2) the fluid in the model is considered as variable fluid; (3) the solid in the model will follow the effective stresses principle in Terzaghis consolidation theory; (4) the fluid-solid coupled process will abide by Biot equation.
In fluid-solid coupled model of FLAC3D, the fluid conduction simulation met the Darcy law and was expressed as
where was the flow vector,̂( ) was permeability coefficient, was the pore pressure, was fluid density, and was gravitational acceleration vector.
For the small deformation analysis, the equation of hydrostatic was
where was the change of fluid volume and V was the volume flow rate. From the perspective of momentum balance, the formula was
where = (1 − ) + was the bulk density, was the fluid density, and was the solid density.
So, the mathematics constitutive relation of seepage in FLAC3D was
For the host rock, which contained groups' joints, the permeability coefficient vector could be expressed by the width of the joints, the distance between them, the dip angle , and the tendency . Wu and Zhang defined the th permeability coefficient vector by taking the north geographic pole as axis and the east geographic pole as axis [37] . The particular formula was
, where was the dip angle; was the tendency; was the width of joints and fissures; was the distance between joints and fissures; was the density of liquid; was the dynamic viscosity of liquid.
Therefore, the permeability coefficient vector of groups' joints in the host rock was as follows:
where = sin sin , = cos sin , = cos , was the th tendency of joint fracture, and the value was 0 ≤ ≤ 360 ∘ ; was the th dip angle of joint fracture, and the value was 0 ≤ ≤ 90 ∘ . Based on the forgoing analysis, the permeability coefficient would be changed with the joints. In this paper, the varied permeability can be presented by Rutqvist et al. [38] :
where 0 was the initial (zero stresses) intrinsic permeability; 
Simulation Analysis
Engineering Background.
In this paper, a golden mine would be chosen as case study of carbon dioxide geological storage, and the disposal cavity was located in 850 m depth. For the dimension of the cavity, the length and width were 150 m and the average height was 34 (the maximum height was 45 m in the middle). Based on the actual engineering geology and structures, a 3D model was built in the finite element analysis software of FLAC3D to accept the constitutive parameters, permeability coefficients, as shown in Figure 7 . The geometrical dimensions are length 600 m ( direction), width 600 m ( direction), and height 529 m ( direction). The finite element mesh consists of 99835 nodes and 96000 elements. And for the cavity which was between 200 m and 400 m ( direction), it was meshed as 7224 elements (blue zone) (Figure 7 ).
Simulation Constitutive Model and Parameters.
The model was simplified along with actual layers, and in the 850 depth, the host rock is granite. For the geostress inverse simulation, in the elastic stage, the constitutive model was elastic model, which was expressed in Section 2.1. The property of elastic model (bulk modulus, shear modulus, and density) was shown in Table 3 . After the elastic stage, the materials will be presented as plasticity, in this simulation, according to the characteristics of hard rock, the brittle to shear coupled model was chosen as plasticity constitutive model, which was shown in Section 2.2. According to expression forms [32] . In this model, the basic material property of host rock (bulk modulus, shear modulus, and density), the strength parameter of hard rock ( 1 2 1 , and 2 ), and the coefficients ( and ) for calculating for the brittle to shear coupled model can be obtained by tests, which was shown in Section 3.2. Also, for the host rock parameters, which were input in simulation, were obtained from the test. The results were shown in Table 3 .
For the coupled analysis, the Biot coupled model was adopted in FLAC3D. And based on the in-situ survey data in Sections 3.3 and 3.4, the permeability coefficient and initial moisture content rate of host rock were calculated as 3.35e-7 cm/s and 85.13% respectively.
Boundary Condition and Initial Conditions for Simulation.
For the boundary condition, the four lateral surfaces of model were set as unidirectional normal fixed. For the top surface, it was applied by uniformly distributed load, which was equivalent to overlying rock weight. And for the bottom surface, it was set as three directions' fixed. For initial conditions, the gravity was set as 9.8 m/s 2 . The initial principal stresses with depth were input into model, and based on 11 groups' in situ geostress monitoring data, the site regression equation could be obtained by stress relief method: 
where ℎ,max , ℎ,min , and V are, respectively, the maximum horizontal principal in situ stress, the minimum horizontal principal in situ stress, and the vertical principal stress and their unit is MPa. is the depth and its unit is m.
Usually, when the pressure is larger than 7.38 Mpa, the carbon dioxide will be existed as liquid state with 0.4∼0.6 g/cm 3 density. In this simulation analysis, the carbon dioxide geological storage was chosen in the 850 m deep underground. With this high pressure situation, in order to keep the liquid state after permeating in the host rock and by referring to the strength of host rock, in this paper, the injecting pressure of carbon dioxide was 10 times of liquefaction critical pressure; it was 73.8 Mpa. Therefore, after excavation, the initial pore pressure 73.8 MPa was applied on the storage wall to simulate the seepage and stability of storage.
Inverse Simulation of the Geostress.
Based on the in situ monitoring data of geostress distribution with depth, which was input into the model, to obtain the inverse geostress fields, and because of different definitions of maximum and minimum principal stress between the software and rock mechanics, the maximum principal stress in rock mass was the minimum principal stress in FLAC3D, and it was also reverse for the minimum principal stress. And the minus value was representation of the compressive stress; the positive value was on behalf of tensile stress, as depicted in Figures  8 and 9 .
As shown in Figures 8 and 9 , it was easy to obtain that the maximum principal stress would become larger with the depth increase, and the minimum principal stress also followed the same rules. And during the ore excavation period, the geostress also could be affected by excavation. After simulation, the geostress fields were illustrated in Figures 10  and 11 .
As shown in Figure 10 , the maximum principal stress were the compressive stress, which occurred at upper corner of cavity. The scope was 62.5 m width. Contrastive analysis between Figure 8 and Figure 10 . The maximum principal stress value in Figure 10 was lower than it in Figure 8 , which was changed from 40 MPa∼42.5 MPa to 30 MPa∼35 MPa. And there was a little improved area with 2.5 MPa increased value on the top roof. For the minimum principal stress by contrastive analysis of Figures 9 and 11 , there was an obviously raised regions on the lateral bottom wall with 15 m width; the value was increased from 6 MPa∼8 MPa to 18 Mpa∼ 19.43 Mpa, and it was because that the rock mass was dug out, and the lateral walls have to undertake the supporting capacity of excavation body. Also, because the rock mass was excavated to lead the stress released, there was an obviously compressive stress decreasing region on the bottom floor, and the value was from 8 MPa∼10 MPa to 0 MPa to 4 MPa, in this area, the host rock even presented as tensile damage state. For the top roof, the reduced level of compressive stress was also very huge (from 6 MPa∼8 MPa to 0 MPa, even, tensile state), and it was due to vault construction, which can transmit the compressive stress to lateral walls, and there was also some stress released reason.
The rock mass was excavated, which would cause some damage in the host, as shown in Figure 12 .
As shown in Figure 12 , all the damage zones were the tensile failure, and they mainly distributed on the top of lateral wall and top roof. The damage distance was 12.5 m (width of an element).
Seepage Analysis.
After simulating the seepage stability, the periodical penetrative contours were shown in Figures 13, 14, 15, 16, 17, 18, 19, and 20 , and the days and its corresponding center pore pressure were listed in Table 4 .
Based on the forgoing coupling simulation results, after 300 days of diffusion and permeation, the pore pressure of liquid carbon dioxide became stable. The largest penetrative distance was about 70 m. The center pressure was 37 MPa, which also could make the carbon dioxide keep in liquid state. As shown in periodical contour of permeation, at the initial stage after liquid carbon dioxide was injected into cavity (from 1 days, 5 days, 10 days, and 30 days to 50 days), the diffusion and permeation were faster, due to high pressure in center and low initial pore pressure of host rock. At 1 day, because of excavation damage, the porosity was enlarged; the liquid carbon dioxide permeated about 25 m just after was injected into the cavity. And till 50 days, the diffused distance was nearly 50 m; the average velocity of permeability was 0.5 m per day. Then the penetrative rate was becoming lower and lower than before. From 50 days to 100 days, the permeated distance was 8 m; the average rate was 0.16 m per day. And for the next 100 days, the diffused distance was 10 m; the rate was 0.1. And for last 100 days, the distance was only 2 m; the rate was 0.02 per day, then, the diffusion became very slow and went to stability after 300 days. For the center pore pressure, because of the high injection pressure in the initial stage, the center pressure was kept about 10 days, and then it declined fast till 200 days. After 200 days, the velocity of pressure decline was becoming lower and lower; it was due to Advances in Mechanical Engineering 9 Magfac = 0.000e + 000 Contour of S max Gradient calculation Interval = 2.0e + 006 −1.9436e + 007 to −1.8000e + 007 −1.8000e + 007 to −1.6000e + 007 −1.6000e + 007 to −1.4000e + 007 −1.4000e + 007 to −1.2000e + 007 −1.2000e + 007 to −1.0000e + 007 −1.0000e + 007 to −8.0000e + 006 −8.0000e + 006 to −6.0000e + 006 −6.0000e + 006 to −4.0000e + 006 −4.0000e + 006 to −2.0000e + 006 −2.0000e + 006 to 0.0000e + 000 0.0000e + 000 to 1.9713e + 005 Figure 11 : Minimum principal stress field after excavation.
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the low permeability. The particular change curve of center pore pressure with days change was shown in Figure 21 .
Stability Analysis.
After the liquid carbon dioxide was injected into the storage, the high pressure also has an effect on the geostress distribution. After coupling simulation, the maximum principle stress and minimum principle stress were shown in Figures 22 and 23 , respectively. As shown in Figure 22 , the maximum principal stresses were all the compressive stress. Because of injected pressure which led the stress to be redistributed, the compressive stress was increased obviously on the both top roof and bottom floor. The maximum value (48 MPa) occurred at 30 m depth under bottom storage; the compressive stress value was increased about 8 MPa with comparison of Figure 10 . And for the host rock above the storage, the stress was increased in 25 m distance from the top roof; above this region was an decreased area till to the top. For the minimum principal stress by contrastive analysis of Figures 11 and 23 , there were obviously raised regions on the bottom floor with 60 m depth, the value was increased from 0 MPa to 25 Mpa∼28 Mpa, and it was because of the pressure and weight of liquid. Also, because the stress was redistributed, there was an obviously compressive stress decreasing region on the lateral walls; the value was from 18 MPa to 0 MPa to 4 MPa, in this area, the host rock even presented as tensile damage state. After the liquid carbon dioxide was injected into the storage, the high pressure could produce the tensile stress. It was due to the rock tensile strength was much lower than rock compressive strength, there was some tensile damage in the lateral walls. The damage state zone contour after diffused stability was shown in Figure 24 . As shown in Figure 24 , with high pressure liquid, it is easy to learn that the mainly damage zone was enlarged than before. The largest damage range was 75 m on the lateral walls. Also, we could get that most tensile damage occurred in the past, and it means that most damage appeared at the early stage after injection. The damage development and the penetration were a promoting process with each other. This is also a reason for the high permeability during early stage. In Figure 25 , it is also due to the high pressure, and the maximal displacement is 4.9242e-6 m, which is much smaller than the real size of storage, so it is negligible.
Conclusion
Based on the 985 groups' joints statistic, the average distance was 32.9 mm, and after calculating, the permeability coefficient was 3.35e-7 cm/s. After the 11 locations in situ geostress monitoring, the relationship between the principal stress and depth could be obtained. Also, through laboratory test, the characteristic and mechanical parameters could be acquired. Those data were necessary and enough accurate for coupling simulation. By contrastive analysis of inverse geostress between before and after excavation, the maximum principal stress on the corner between the top roof and lateral walls became lower, because rock mass excavation led to released and redistributed stress. For the minimum principal stress, on the lateral bottom wall with 15 m width, the value was increased, and it was because the rock mass was dug out, and the lateral walls have to undertake the supporting capacity of excavation body. Also, there were obviously compressive stress decreasing region on the bottom floor and top roof, in those area, the host rock even presented as tensile damage state.
For the contrastive analysis of geostress between before and after carbon dioxide injection, because of injected pressure to lead the stress redistributed, the compressive stress Contour of S min −4.8509e + 007 to −4.7500e + 007 −4.7500e + 007 to −4.5000e + 007 −4.5000e + 007 to −4.2500e + 007 −4.2500e+ 007 to −4.0000e + 007 −4.0000e + 007 to −3.7500e + 007 −3.7500e + 007 to −3.5000e + 007 −3.5000e + 007 to −3.2500e + 007 −3.2500e + 007 to −3.0000e + 007 −3.0000e + 007 to −2.7500e + 007 −2.7500e + 007 to −2.5000e + 007 −2.5000e + 007 to −2.4371e + 007 was increased obviously on the both top roof and bottom floor. For the minimum principal stress, there were obviously raised regions on the bottom floor with 60 m depth, and it was because of the pressure and weight of liquid. Also, because the stress was redistributed, there was an obviously compressive stress decreasing region on the lateral walls. Based on the forgoing coupling simulation results, after 300 days of diffusion and permeation, the pore pressure of liquid carbon dioxide became stable. The largest penetrative distance was about 70 m. The center pressure was 37 MPa, which also could make the carbon dioxide remain in the liquid state. As shown in periodical contour of permeation, at the initial stage after the liquid carbon dioxide is injected into cavity, the diffusion and permeation were faster, due to high pressure in center and low initial pore pressure of host rock. Moreover, the diffused rate became slower till tending to stability after 300 days.
Through the damage state analysis, after excavating, there were some damage zones, which were mainly distributed on the top of lateral wall and top roof with 12.5 m depth. After the liquid carbon dioxide is injected, the damage zones were enlarged a lot, and they were distributed on the lateral walls with 75 m width. This was also an important reason for the high permeability around the storage structure.
